Abstract-A new curvature-corrected bandgap reference is presented which is able to function at supply voltages as low as 1 V, at a supply current of only 100 PA. After trimming this bandgap reference has a temperature coefficient (TC) of +4 ppm/OC. The reference voltage is about 200 mV and it can simply be adjusted to higher reference voltages, The temperature range of this circuit is from O to 125" C. This bandgap reference is realized using a standard bipolar process with base-diffused resistors.
I. INTRODUCTION v OLTAGE references are used in many types of analog circuits for signal processing, such as A-D converters, smart sensors, D-A converters, etc. Of all the types of references, only bandgap references are suited to operate at very low supply voltages.
In a bandgap reference, the reference voltage is obtained by compensating the base-emitter voltage of a bipolar transistor (V~,) for its temperature dependence. The temperature dependence of the base-emitter voltage of a transistor, biased by a proportional-to-absolute-temperature (PTAT) current, can be represented by the following equation [ The existing bipolar bandgap references operate generally at a supply voltage larger than 1 V. The only reference known to the authors that is able to operate at a supply voltage of 1 V is the one introduced by Widlar [2] .
In this paper, a low-voltage bandgap reference with a lower temperature coefficient (TC) than that of Widlar's circuit is discussed. This low TC is achieved by a new method for the compensation of the nonlinear temperature dependence (curvature correction) of Vb.. Further, within a certain range the bandgap reference can simply be adjusted for other references voltages.
II. PRINCIPLEAND IMPLEMENTATION OF THE LOW-VOLTAGEBANDGAP REFERENCE
The principle of the low-voltage bandgap reference is shown in Fig. 1 . A current proportional to Vbe(2~Vbe ) and a nonlinear correction current (21NL ) are generated, When the nonlinear (curvature) correction is performed correctly, 2(1V~. + lN~) should consist of a constant component and a component that is PTAT. This latter component can be compensated by using a PTAT current source. The sum of the currents is converted into the voltage reference by using a resistor (Rref ). The buffer circuit is applied to obtain a sufficiently low output impedance.
For the PTAT current source, the circuit shown in Fig. 2 is used [3] , where the emitter-area ratio of Q 1 and Q2 amounts to 4.
The magnitude of the PTAT current is
The capacitor Cml is required to obtain bility of the circuit. The transistor Q5 is given by (2) high-frequency stabiased at a current which is twice as large as those of Q1 and Q2 in order to obtain full compensation of the effect of the base currents.
The new circuit generating Ivb. as well as the curvaturecorrection current~~L is shown in Fig. 3 . The PTAT currents in Fig. 3 are generated by the circuit shown in Fig. 2 The resistor RNL is chosen in such a way that the temperature-dependent part of the current 2 (~V& + INL ) and IPTAT compensate each other and a temperature-independent current lCO.St (Fig. 3) is obtained for which it holds that 2vgo Icon,t = 2( IV& + INL) + lpT*T = -R2 "
Using (l), for the current through the resistor R2 it is found that
-(q-l)~ln&. 
I
The capacitor Cmz and the resistor REI provide the stability of the circuit. The current~v& has a component which is proportional to T as represented by the second term of (5). The double value of this component is compensated by the PTAT current (see (4)), which, when using (2) and (5), results in the condition (6) 9
To obtain the curvature correction, the magnitude of lNL (see (3)) has to be equal to the magnitude of the third, nonlinear, term of (5), which approximately results in the following two conditions:
Substitution of the values of p and R2/RNL in (3), (5), and (4), successively, shows that there still rests a minor nonlinear term l~L. For this residual term it can be derived that
Further, the TC of the resistors causes some which can be explained as follows. All of the However, the basic voltage V~,3 is also affected by the resistor TC'S, because thb, TC causes the biasing current lpTAT to be not really PTAT.
In [4] Meijer shows that this effect causes a small nonlinearity, which is compensated for when the condition (7) is modified into
R2

RNL Tc
=~-l+2alTR (lo)
where al is the first-order (linear) component of the TC. In our design the empirical values q = 3.5 and al = 1700 ppmPC have been used to calculate the resistor ratio R2/RNL. Finally, this ratio has been further optimized to compensate for the residual term 1~~of (9). The results of this analysis are found to be in good agreement with numerical ones obtained using the SPICE computer program. The SPICE simulation results are listed in Table I .
III. MEASUREMENTRESULTSAND DISCUSSION
The complete circuit is shown in Fig. 4 . The start-up circuit generates a small current which is injected into the bases of the p-n-p current mirror and drives the circuit towards the desired state of biasing.
This complete circuit is integrated using a standard bipolar process with base-diffused resistors. The circuit is calibrated for the nominal~alue of I<er by trimming the resistor Rz using a fusible-link trimming method [1] . For V&f itholds that
Provided that the resistor ratio R,.f /Rz is a well-known constant which is completely predetemnined by the layout, then this low-voltage reference has the typical attractive feature of bandgap references that the output voltage is temperatureindependent when this voltage is adjusted for a predetermined value, where also the (PTAT) offset voltage of output buffer amplifier and the mismatches of the current-mirror transistors are compensated for. In practice, a slight deviation for the optimal value of V&f (i.e., the value with the lowest TC) is found (see Table I ). This deviation is mainly attributable to the effect of the (nonlinear) TC of the resistors.
The temperature dependency of the output voltage is shown in Fig. 5 In view of this effect during the test, the voltage range has been limited to the 1-2-V range.
IV. CONCLUSION
The realized circuit mainly shows the performance as expected, based on simulations. The minimum supply voltage is 1 V for an operating temperature range from O to 125°C. The circuit also operates at temperatures lower than O"C, but then a slightly higher supply voltage has to be tolerated. Also the curvature-correction circuit functions as expected. The only difference in the performance of the circuit emanates from the voltage dependency of the base-diffused resistors of the standard bipolar process used. This effect can, however, be eliminated, as was explained.
